The silicon precursor neopentasilane is used to grow epitaxial silicon at high growth rates from 550 to 700 o C, with rates over 100 nm/min achieved at 600 o C. The layer quality as observed by TEM and the performance of FET's made in these films is high. Neopentasilane has also been used to grow dilute strained Si 1-y C y alloys on silicon with very high growth rates. For carbon levels on the order of 2%, strained layers were grown at rates over 40 nm/min.
Introduction
Source-drain engineering such as recessed epitaxial strained layers for high channel mobility [1] and raised source-drains for improved contacts are key enabling technologies for future FET scaling. These applications are different from typical blanket epitaxy on starting silicon wafers for CMOS in that the process temperature for future source-drain applications should be kept at 700 o C or below to prevent altering existing device profiles.
At such low temperatures, however, it is difficult to achieve high growth rates. In high-volume applications, high growth rates are necessary for high throughput and a low process cost. High growth rates may also enable achieving high substitutional carbon levels in dilute silicon-carbon alloys In this work, we present the use of a novel silicon precursor, neopentasilane, for achieving high epitaxial growth rates of both silicon and dilute Si 1-y C y alloys on Si(100) surfaces at temperatures of 650 o C or less. For example, silicon growth rates well over 100 nm/min at 600 o C are achievable.
Silicon Growth using Neopentasilane
The general trend of increased rates of epitaxial silicon growth with the chemical vapor deposition method by using higher order silanes is well known, even if the microscopic growth mechanisms are not well understood. Fig. 1 shows how the growth rates increase at low temperatures as one moves from dichlorosilane (slowest) to silane (SiH 4 ) to disilane (Si 2 H 6 ) (data from our lab) to trisilane (Si 3 H 8 ) (Ref 2). Our interest is focused on the "low-temperature" regime, where growth rates are generally limited by a chemical reaction rate (often called a "surface reaction"), leading to an exponential dependence on inverse temperature. We will not focus on the "high temperature" regime where growth is limited by mass transport issues and has little temperature dependence. Neopentasilane (Si 5 H 12 ) is a liquid at room temperature, with a vapor pressure of ~12 torr. In our work the neopentasilane supplied to the growth reactor by bubbling hydrogen at reduced pressure through the heated liquid. Because of hardware limitations, it is difficult to know exactly the amount of neopentasilane supplied by the bubbler, but it is estimated to be 0.1% of the hydrogen flow through the bubbler. The typical growth conditions used in this work are a reactor pressure of 6 torr and a hydrogen carrier of 3 lpm, independent of that used for the bubbler source. (Because the flow rate of the bubbler was limited, the highest growth rate (open squares in Fig. 1 ) was achieved with a lower carrier flow.) At 600 o C, epitaxial silicon growth rates in excess of 100 nm/min were achieved. In the range of 600 -700 o C, a growth rate ~5X that achieved with trisilane, ~10X that with dislane, and ~100 X that with silane are observed. Figure 3 shows the dependence of the growth rate on the neopentasilane partial pressure in an indirect way. Since we do not know the actual flow of the neopentasilane, we plot instead the partial pressure of the hydrogen which flowed through the bubbler (out of a total hydrogen pressure of 6 torr). The neopentasilane partial pressure entering the reactor is estimated at 0.1% of that of the partial pressure through the bubbler. The growth rates are approximately linear with neopentasilane flow, with only a hint of saturation.
The partial pressures of the dichlorosilane, silane, and disilane in Fig. 1 vary, but are on the order of 20-60 mtorr. This is over ten times higher than the estimated partial pressures of the neopentasilane, but the growth rates with neopentasilane are far higher, as noted earlier. Conventionally, the higher growth rates with higher-order silane precursors is partially attributed to the increased availability of SiH 3 fragments. At present, the reason for the high growth rates with neopentasilane is not known. However, it is likely that some other mechanism beyond the availability of SiH 3 fragments is probably important. This is currently under investigation. A natural question is if the high growth rate affects the quality of the epitaxial layer. For example, one might wonder if there is a limit to how fast silicon atoms can order themselves on the surface as the film grows. Fig. 4 shows high-resolution transmission electron microscopy (TEM) of a silicon layer grown on a silicon (100) substrate at 600 o C at a rate of ~ 55 nm/min. No defects in the layer or at the substrate interface were evident, and a selected area diffraction pattern from the epitaxial layer shows no evidence of rings or mis-oriented grains, etc, consistent with high quality single crystals. Further, photoluminescence of epitaxial layers of SiGe quantum wells grown on top of silicon layers grown with NPS show that the layers are of high quality [3] . To probe the electrical quality of the layers, both n-channel and p-channel metal oxide semiconductor field effect transistors (MOSFET's) were made in layers at 650 o C at a variety of growth rates. The 25-nm gate oxide was grown at 950 o C. The FET's were well behaved (Fig. 5) . Over a range of growth rates from 55 to 180 nm/min, the nchannel (p-channel) mobilities averaged 850 (300) cm 2 /V-s, slightly higher than the mobilities observed in control devices made directly in substrates without epitaxy. There was little to no observable dependence on growth rate. That the mobilities were higher than those in the control devices without epitaxy is attributed to lower doping in the devices in the epitaxy compared to the substrates.) From the FET data, we conclude the epitaxial films grown with neopentasilane at high rates have excellent transport properties for majority carriers. Finally, we note that while the epitaxy in these experiments was done at "lowtemperature," before epitaxy the substrates were generally cleaned with a "high temperature" (~1000 o C) bake in hydrogen. Therefore the entire process was not a "low thermal budget" process. Separate work will be reported at this meeting on the use of chlorine to clean substrates before epitaxy at temperatures under 600 o C.
Growth of Strained Si 1-y C y Alloys using Neopentasilane
Dilute Si 1-y C y alloys in source drains are of interest for generating tensile strain in adjacent FET channels [1] . Achieving a high metastable substitutional carbon fraction is thought to be promoted by low growth temperatures and high growth rates [5] [6] [7] , two criteria which traditionally are not mutually achievable in chemical vapor deposition (CVD). While there are several reports of achieving "high" (>1.5 %) carbon fractions by CVD in the literature, growth rates are very rarely reported. Thus we investigated the use of NPS as a silicon source and methylsilane as a carbon source to achieve high growth rates simultaneously with high substitutional carbon fractions, focusing initially on 575 o C. The growth conditions were similar to those used for silicon in the first part of this paper, except for the addition of the methylsilane. Fig. 6 shows the high-resolution X-ray diffraction data and simulation from a 130-nm Si 1-y C y layer with y = 1.8% grown on a silicon substrate [8] . Several satellite peaks around the main peak from the Si 1-y C y layer are evident, confirming the high quality of the layer and abruptness of interfaces. Fig. 7 shows the comparison of substitutional carbon levels from X-ray diffraction with the total carbon level as measured by Secondary Ion Mass Spectroscopy (SIMS) data [8] . Within experimental error, all of the carbon is fully substitutional up about 2% carbon levels. We have observed up to 2.5 % substitutional carbon levels (by XRD), but do not know the total carbon level in this sample. [8] . The dotted line is a slope of unity. Relative error bars of 5% and 15% were used for the XRD and SIMS measurements respectively. Fig. 8 summarizes the progress we have made towards achieving high growth rates at high substitutional carbon levels for growth at 6 torr in hydrogen. Circles and squares represent total hydrogen flows of 600 sccm and 150 sccm, respectively, and closed vs. open circles and squares represent methylsilane flows of 1.0 and 2.5 sccm, respectively. With the neopentasilane data, within a given condition, higher carbon fractions were achieved by lowering the neopentasilane flow to achieve a higher methylsilane to neopentasilane ratio. This explains why the observed growth rate decreases as the carbon fraction of the grown layer increases -the reason is not because the methylsilane (or carbon) poisons the growth in any way (within the limits of our neopentasilane experiments). With higher methylsilane flows, higher neopentasilane flows and thus higher growth rates are achievable for similar carbon fractions. For substitutional carbon fractions of ~2%, growth rates up to 40 nm/min have been achieved to date.
For comparison, also shown in Fig. 8 are data for films grown with silane at 550 o C (Ref. 9) and for films grown with disilane at 625 o C in our lab. With silane, the growth rates are very low (only on the order of 1 nm/min). With disilane at 625 o C, high rates are possible (17 nm/min), but we have found the fraction of carbon which is fully substiutional to be limited below 1.5%. Higher substitutional carbon fractions have been reported with disilane [10] , but due to the low temperature (525 o C), the growth rates (not reported) are probably very low. The data of growth rates achieved to date for carbon fraction and growth rates are summarized in Table 1 . 
Summary
Neopentasilane is presented as a silicon precursor for the high growth rate of silicon and dilute silicon-carbon alloy films by chemical vapor deposition in the temperature range of 550 -700 o C. The high growth rates, up to ~ 100 nm/min at 600 o C, do not appear to adversely affect the quality of the films as reflected through TEM, photoluminescence, and MOSFET mobility measurements. For dilute silicon-carbon alloys, neopentasilane offers the possibility of achieving high growth rates at low temperatures. This is of interest for achieving technologically useful growth rates at high carbon fractions.
